Nuclear migration and positioning are crucial for the morphogenesis of plant cells. We addressed the potential role of nuclear positioning for polarity induction using an experimental system based on regenerating protoplasts, where the induction of a cell axis de novo can be followed by quantification of specific regeneration stages. Using overexpression of fluorescently tagged extranuclear (perinuclear actin basket, KCH kinesins) as well as intranuclear (histone H2B) factors of nuclear positioning and timelapse series of the early stages of regeneration we found that nuclear position is no prerequisite for polarity formation. However, polarity formation and nuclear migration were both modulated in the transgenic lines indicating that both phenomena depend on factors affecting cytoskeletal tensegrity and chromatin structure. We integrate these findings into a model, where retrograde signals are required for polarity induction-These signals travel via the cytoskeleton from the nucleus towards targets at the plasma membrane.
INTRODUCTION
How cells acquire polarity and axis remains a central question of plant morphogenesis.
Whilst polarity in animals is usually systemic in nature and is generated through the interaction of different cell types, plant polarity seems to be rooted directly within the individual cell (Vöchting 1878). Axis and polarity are mostly inherited from the maternal cell (Nick 2011) , raising the question of how polarity and axis are established de novo. A classic system for polarity induction has been the Fucus zygote (Goodner and Quatrano 1993; Hable and Hart 2010) . Similar cases of symmetrical, freely accessible cells, which undergo formative divisions, are rare in higher plants. As alternative to study polarity induction de novo, polarity can be artificially eliminated by digesting the cell wall with cellulases. This tabula-rasa approach yields protoplasts, which, in most cases, are round and apparently have lost axis and polarity. Nevertheless, they can be induced to regenerate complete plants, as has been demonstrated for the first time for tobacco (Nagata and Takebe 1970) . Upon standardization of the system, Zaban et al. (2013) were able to generate quantitative data on the temporal patterns of regeneration due to classification into distinct stages. The synthesis of a new cell wall marks the transition to the first important stage of regeneration and proceeds, after a long preparatory phase, 1 4 symbiotic and pathogenic plant-microbe interactions, responses to mechanical and blue light stimuli, and symmetric, as well as asymmetric cell divisions (for review see Griffis et al. 2014) . As characterized for stomatal development, pre-mitotic nuclear migration is linked to the position of asymmetric division planes which are oriented with respect to the polarity of the mother cells (for review see Smith 2001) . There exist several examples that demonstrate the importance of nuclear positioning for symmetry and plane of the ensuing cell division, although the mechanistic link between nuclear migration and the induction of cell axiality is far from understood.
In the experimental protoplast regeneration model mentioned above (Zaban et al. 2013) , the re-establishment of a cell wall is heralded by a phase of vivid nuclear motility, where the nucleus is searching for a central position, similar to the situation when a vacuolated cell prepares for cell division. Here, the position of the nucleus determines the division plane while cytoplasmic strands rearrange in a pattern predicting the site of the prospective cell plate (for review see Nick 2008) . Both cytoskeletal elements, actin filaments as well as microtubules, participate in nuclear migration and tethering (Katsuta and Shibaoka 1988) . Unlike nuclear positioning in fungi and insects, plants lack dynein and thus a dynactin complex, and therefore must employ other proteins for the dynamic cross-link of actin and microtubules in pre-mitotic nuclear migration.
In fact, a plant-subgroup of the kinesin-14 family, the KCH kinesins (for 'kinesins containing a calponin-homology domain') were identified as microtubule-actin filament cross-linkers (for recent review see Schneider and Persson 2015) . As these motor proteins are capable of minus-end directed movement, the KCHs might be the functional homologues of dyneins. In addition to the characteristic microtubule-binding kinesin motor domain, KCH-proteins possess a conserved calponin-homology (CH) domain, well known as actin binding motif from a variety of actin-associated proteins such as α-actinin, spectrin and fimbrin. Thus, KCHs meditate between both cytoskeletal elements and bind to both elements of the cytoskeleton. Both, the rice member OsKCH as well as the tobacco member NtKCH have been shown to modulate premitotic nuclear positioning 1 5 nuclear migration in cell polarity, two facts of KCH play an important role: KCH exists in two functionally different subpopulations, either uncoupled from actin in a mobile form that moves along microtubules of the interphase cortex and the phragmoplast, or coupled to actin in a static form in the premitotic radial array of cytoplasmic microtubules (Klotz and Nick 2012) . This actin-bound form of KCH accumulates also on the nuclear envelope prior to the onset of mitosis, suggesting a role of actin-linked KCH for nuclear positioning.
In animal cells, the nuclear envelope is structured by a subtending nuclear lamina, which is highly important for nuclear positioning and movement. Several proteins link the lamins to the cytoskeleton (Malone et al. 1999; Lee et al. 2002) . However, nuclear lamins have remained elusive in plant cells so far. Instead, a perinuclear actin basket has been reported (Wang and Nick 1998) . Recently, this perinuclear actin basket could be specifically visualized by a tetrameric Lifeact fused to a photoswitchable red fluorescent protein (Lifeact-psRFP). The yeast peptide Lifeact is well known to bind to a ubiquitous motif in F-actin. In Durst et al (2014) it was fused to a tetrameric photoswitchable red fluorescent protein (psRFP, Fuchs 2011) . Due to its large size, this fusion construct should be sterically prevented from binding to actin via the Lifeact motif, when the actin filament is densely decorated with actin-binding proteins, whereas the construct should readily bind to uncovered actin. Using this marker, z-stacks of the actin basket could be collected by PALM in a resolution of 20 nm (Durst et al. 2014) . Super-resolution microscopy showed that the perinuclear actin cage was wrapped around the nuclear envelope in a lamellar fashion.
The structure of the chromatin should influence nuclear migration as well. In fact, epigenetic changes in histone packaging can result in changes of nuclear architecture (Bartova et al. 2008) . Overexpression of core histones such as in the line H2B-mEos (Wozny et al. 2012 ) might be used to test this supposition, which to our knowledge has not been addressed experimentally, so far.
The intensive nuclear movements observed during the first day of protoplast regeneration (Zaban et al. 2013 ) indicate a link between nuclear positioning and the formation of axis and polarity. In the current work, we want to test the hypothesis, whether nuclear positioning is a prerequisite for the re-establishment of axis and polarity. To address this, we manipulated the nuclear migration on a genetic level by overexpression of fluorescently tagged players of nuclear movement (Lifeact-psRFP, GFP-NtKCH, H2B-mEos). By overexpression of these components, we tried to modulate both extranuclear (perinuclear actin basket, KCH) as well as intranuclear (histone H2B) factors supposed to act on nuclear movement. The effect of these manipulations on nuclear migration was followed via time-lapse movies and could then be compared with respect to their impact on axis and polarity by quantitative analysis of the regeneration pattern. We found that induction and manifestation of cell axis can be uncoupled from nuclear positioning, but that both phenomena depend on factors that affect cytoskeletal tensegrity (perinuclear actin basket, KCH), as well as on factors acting on chromatin structure. We integrated these findings into a model, where cytoskeletal tensegrity acts as common factor for both nuclear positioning and the formation of axis and polarity.
RESULTS

Classification of different regeneration stages
In order to follow the formation of polarity and axis de novo, a staging system modified from Zaban et al. (2013) was used to generate quantitative data on the temporal patterns of regeneration (Figure 1 ). Since the formation of a cell axis is preceded by the formation of a new polarity (Zaban et al. 2013) , in the following, for pragmatic reasons, we will mainly use the term axis formation (implying that polarity induction has been successfully completed, when cell axis becomes visible).
Based on clearly delineated differences in cell shape and cell-wall reformation, the cells could be clearly assigned to one of five stages schematically represented in Figure 1 .
Stage 1, prevailing at the end of digestion (defined as t = 0), comprised round, completely symmetrical protoplasts lacking any indications for axis or polarity. The nucleus is mostly ovoid in shape and placed at the periphery. Subsequently, the nucleus moves from the periphery of the cell towards the cell center and becomes spherical. About 12-24 h later, a new cell wall has been first synthesized as visualized by staining with Calcofluor White. These cells still show radial symmetry and are classified into stage 2. Between day 1 and day 2 of regeneration, cell shape changes distinctly, and a clear cell axis emerges leading to an ovoid shape. The presence of a cell axis represents the criterion for stage 3. Subsequently, this axis becomes manifest as cell elongation. Cells, where the long axis has reached a length, which is more than twice as long as the short axis, fall into stage 4. At this stage, some of the cells already begin to divide axially, producing the pluricellular files characteristic of tobacco suspension cells. These files are indistinguishable from those derived from walled cells. During this final step of regeneration, the nucleus is still tethered at the cell center and has become elliptic, whereby its longer axis is parallel to the elongation axis. Failure in axis manifestation leads to cells where a third pole emerges. These aberrant tripolar cells are defined as stage 5. In these cells, the position of the nucleus does not follow any obvious rule.
The relative frequencies of these five different stages were scored over time. In order to understand the role of nuclear positioning for axis formation, in addition to the nontransformed BY-2 cell line, three different transgenic cell lines were used including a perinuclear actin marker line (Lifeact-psRFP), a class XIV-kinesin overexpression line (GFP-NtKCH), and a histone marker line (H2B-mEos). In these lines, the nuclear positioning from the cell periphery to the cell interior was altered. This allowed to probe for potential changes of regeneration patterns in consequence of altered nuclear positioning. In the following, first the effect of the overexpressions on the regeneration patterns will be described, whereas in the final part of the result section, the effect upon nuclear migration will be compared. Already after the first day of regeneration, the majority of the transgenic cells had formed a new cell wall, thus entering stage 2. Only some 10% were still lacking a cell wall, which was in sharp contrast to non-transformed cells, where around 60% of the cells still had not generated a cell wall. A significant fraction (30%) of the Lifeact-psRFP cells had even already passed the transition to stage 3, which is defined by an ovoid cell shape, compared to only 5% in the non-transformed cell line. Even at day 2 of regeneration, the transgenic lines remained ahead with more than 40% of the cells in stage 3 in comparison to about 25% in the non-transformed cell line. At this time point, first deviations from the normal sequence of events became detectable: more than 40% of the Lifeact-psRFP cells started to divide prematurely (in stage 3), although axis manifestation had not yet initiated, which was different from the non-transformed control (see Figure S1 ). Also, in many cells, during day 3 after regeneration, a second competing axis was observed, leading to a significantly higher frequency of tripolar structures (stage 5), compared to the non-transformed cell line. Although the initial course of regeneration was accelerated in the transgenic line, the transition from stage 3 to 4 (axis manifestation, normally at day 4) was not (indicating that the transgenic cells required more time to leave stage 3).From day 5, the frequency distributions of transgenic line were not distinguishable from those of the non-transformed controls, indicating that the transition from stage 3 to 4 was not arrested, but just delayed by overexpression of the transgene. Thus, axis formation was significantly promoted by the Lifeact-psRFP cell line, whereas the final step of regeneration, axis manifestation, was delayed, correlated with a higher frequency of aberrant tripolar structures in the transgenic line compared to the non-transformed cell line. To test, whether these deviations are a consequence of overexpression per se, we employed a cell line, where free GFP was overexpressed under the same promotor (CaMV-35S). The regeneration pattern of this 35S::GFP line was exactly the same as that of non-transformed controls (see Figure S2 ) suggesting that the effects observed in the Lifeact-psRFP line were specific to the overexpression of the perinuclear actin marker.
Overexpression of the class XIV kinesin KCH promotes both axis formation as well as axis manifestation
Motor proteins, which run along the cytoskeleton, play a pivotal role for organelle movement. Since microtubules, as well as actin filaments, participate in nuclear positioning, the class-XIV kinesin NtKCH as cross-linker of these cytoskeletal elements is interesting. Therefore, regeneration in a GFP-NtKCH overexpressor line was compared to the regeneration of non-transformed wild-type cells (Figure 3 ).
Similar to the Lifeact-psRFP cell line, the early phases of regeneration were promoted in the GFP-NtKCH overexpression line. At day 1, less than 10% of the transgenic cells were in stage 1 in comparison to about 60% in non-transformed cells. GFP-NtKCH cells in stage 3 were already predominant after 1 d, which means that most of the cells had built an axis by this time. Around 10% had even developed further to stage 4 which was not the case for non-transformed cells. During day 2 and 3 after regeneration, the frequency of cells in stage 4 increased rapidly in the GFP-NtKCH line compared to the nontransformed line. At day 3, already 60% of the cells were elongated, i.e. they had expressed their axis, whereas only 10% of the non-transformed cells had reached this stage 4. At days 4 and 5, the kinesin overexpression line showed a higher frequency of cells in stage 4 compared to non-transformed cells. At days 6 and 7, the regeneration pattern of the transgenic line and the non-transformed line had approximated. In contrast to the Lifeact-psRFP, no tripolar cells were observed during regeneration of GFP-NtKCH. Overall, the regeneration was clearly faster in the GFP-NtKCH overexpression line, which can be attributed to an accelerated axis formation. Whereas axis manifestation was delayed upon overexpression of Lifeact-psRFP, the overexpression of GFP-NtKCH did not impair axis manifestation, which is evident from the efficient progression into stage 4 and the absence of aberrant tripolar structures. It should be mentioned that we also tested overexpression of OsKCH, a heterologous KCH from rice. The effect of GFPOsKCH was comparable to that of GFP-NtKCH, but the amplitude of the effect was less pronounced (see Figure S3 ). Additionally, we tested the effect of eliminating microtubules via Oryzalin treatment. Compared to the untreated wild-type cells, polarity induction as well as axis formation were clearly delayed and axis elongation (stage 4) hardly occurred until day 7 (see Figure S4 ).
Overexpression of the histone marker H2B-mEos promotes axis formation, but delays axial cell expansion
Since plants lack a canonical nuclear lamina, nuclear migration is expected to depend not only on extranuclear factors or the activity of motor proteins, but also on the intranuclear architecture. Hence, we tested a cell line in which a labelled histone (H2B-mEos) was overexpressed to probe for potential effects of intranuclear architecture on the regeneration pattern ( Figure 4 ). Similar to the other transgenic lines, the early progression of regeneration was also promoted in the H2B-mEos line, since already one day after regeneration; the majority of protoplasts had reached stage 2 and 3. Moreover, at the same time, already around 40% of the cells had advanced to stage 3 in comparison to only about 5% in the nontransformed cell line. Although the frequency of stage 3 rose even further during the second day, this was not followed by an increased frequency of stage 4: While at day 3, the frequency of stage-3 cells had increased to 60%, only 5% of cells were found to have reached stage 4, which was even less than the value for non-transformed cells (10%), that derived from a significantly lower level of stage-3 precursors. Thus, H2B-mEos cells remained temporarily trapped in stage 3, maintaining an ovoid cell shape with a delay of elongation growth. Although significantly delayed, this elongation ensued eventually:
The frequency distributions for day 5, 6 and 7 progressively approached those of the nontransformed cell line, only with a somewhat smaller frequency of transformed cells at stage 4 compared to non-transformed cells. However, despite the delay in cell expansion, barely any tripolar structures were observed neither in the H2B-mEos, nor in the nontransformed line. Overall, in H2B-mEos, axis formation at the early phases of regeneration was promoted, and the initial steps of axis manifestation proceeded normally. However, the strong cell elongation driving the transition of stage 3 to stage 4 was delayed.
Nuclear positioning can be separated from axis formation
In order to investigate the question, whether nuclear positioning is required for the formation of axis and polarity, time-lapse studies were conducted ( Figure 5 ). From the previous data, it was evident that the early stages of regeneration were the most significant, since already after 1 d the regeneration patterns in the three transgenic lines clearly differed from the situation in the non-transformed line. We therefore followed the initial phase of nuclear migration and polarity formation during the first day in individual cells. These differences became detectable from around 9 h after regeneration which was therefore scrutinized as critical time point. Representative images from these time-lapse series of the three transgenic lines compared to the non-transformed line are shown in Figure 5 and the movies are given in the supplementary.
At the onset of regeneration (t = 0 h), the nucleus of the non-transformed cell line was elliptical in shape and located at the periphery ( Figure 5A , white arrow). It should be noted that protoplasts were generated at the peak of the proliferation phase, 3 d after subcultivation, which means that prior to cell-wall digestion, most nuclei were in the cell center ( Figure S4 ). After 9 h of regeneration, the nucleus began to round up and to shift slowly from the cell wall to the cell center ( Figure 5B , white arrow). The cell was still round with no indications of changes in size or shape at this stage. After one day, the nucleus had reached the cell center and the cell expanded symmetrically ( Figure 5C , dashed yellow arrows), but no indications of cell axis or polarity were detectable.
To test for a potential influence of the perinuclear actin basket on nuclear migration and the formation of axis and polarity, we analyzed Lifeact-psRFP cells. Here, the nucleus was already tethered at the cell center t = 0 h, i.e. straight at the end of cell-wall digestion, and it was not elliptic, but round ( Figure 5D , white arrow). At 9 h, axis formation had already started ( Figure 5E , dashed yellow arrow), and the nucleus was still positioned in a central position ( Figure 5E , white arrow). At 24 h, the cells were clearly ovoid, i.e. axis manifestation had continued ( Figure 5F ). The nucleus, still positioned at the cell center, had become enlarged after 24 h ( Figure 5F , white arrow).
Since the nucleus is moved via interaction of actin filaments and microtubules, a cell line, which overexpresses the class-XIV kinesin KCH, was investigated. Similar to the nontransformed line, in GFP-NtKCH the nucleus was positioned at the periphery at the onset of regeneration, and the protoplast was round ( Figure 5G , white arrow). At 9 h, axis formation had already initiated ( Figure 5H , dashed yellow arrow). The nucleus, however, was moving slower than in the non-transformed cell line and hence was still located at the periphery ( Figure 5H , white arrow). Only at 24 h, the nucleus had eventually reached the cell center, while axis formation had already proceeded further ( Figure 5I , white arrow).
To probe for potential alterations of chromatin structure, the H2B-mEos cell line was investigated. Since axis formation was promoted in this cell line, we were interested to see nuclear migration during the first day of regeneration. At the end of cell-wall digestion (t = 0 h), the nucleus was located at the periphery, similar to the situation in the non-transformed control ( Figure 5J , white arrow). At 9 h, the cell already started to elongate ( Figure 5K , dashed yellow arrow), although the nucleus was still at the periphery. Interestingly, the nucleus was partially separated into two interconnected lobes ( Figure 5K , white arrows). At 24 h, these two lobes had again merged into one complete nucleus which slowly moved into the cell center ( Figure 5L , white arrow). At this time, axis manifestation had already started.
DISCUSSION
Since nuclear movement is important for several processes in plant cells, we wanted to know, which role nuclear movement plays in polarity and axis formation, and to test, whether a central nuclear positioning is a prerequisite for polarity and axis induction. By means of analyzing regeneration of protoplasts, it is possible to follow the induction and manifestation of a cell axis de novo. In order to manipulate the nuclear movement on a genetic level, we used three different cell lines overexpressing key players involved in nuclear positioning: In the Lifeact-psRFP cell line, a specific actin basket around the nucleus was labelled, in the GFP-NtKCH cell line, a motor protein acting as a cross linker of actin and microtubules is overexpressed, and in the H2B-mEos cell line, a histone is overexpressed expected to affect intranuclear architecture. By quantification of specific regeneration stages, the temporal patterns of these overexpression lines could be compared to the non-transformed line. Overexpression of the perinuclear actin marker line promoted axis formation in the beginning, but later perturbed axis manifestation, whereas overexpression of the class XIV kinesin KCH promoted both axis formation and axis manifestation. Overexpression of the histone marker promoted axis formation, but delayed cell elongation. Time-lapse studies of nuclear movement during the early stages of regeneration were used to relate the nuclear positioning and the induction of axis and polarity.
Is a central position of the nucleus a necessary prerequisite for polarization?
Nuclear positioning is necessary for the correct geometry of the subsequent cell division (reviewed in Smith 2001) . Hence, we asked, whether a central position of the nucleus might also be a prerequisite for polarity induction. Time-lapse studies of the moving nucleus in the early stages of regeneration clearly argue against this hypothesis and demonstrate that nuclear positioning can be separated from axis formation (see Figure 5 ).
At first sight, when we followed nuclear migration of the Lifeact-psRFP cell line, the presumed link between nuclear position and axis formation appeared to be valid. Here, the nucleus was already tethered at the cell center and axis formation started earlier compared to the non-transformed cell line ( Figure 6A, B) . However, for the GFP-NtKCH cell line, axis formation initiated earlier than in the non-transformed line, whereas the nucleus was still not located at the cell center ( Figure 6A, D) . Similarly, in the H2B-mEos line, axis formation had already started, before the nucleus had reached the cell center ( Figure 6C ). Thus, a central nuclear position is not necessary for axis formation, but rather seems to be a parallel phenomenon.
Nuclear positioning depends on perinuclear actin, KCH, and chromatin structure
Although nuclear positioning and cell axis were uncoupled, both phenomena were clearly dependent on the extra-and intranuclear factors addressed by the three transgenic lines:
As plants lack a nuclear lamina meshwork, which is involved in nuclear migration and provides mechanical stability of the nucleus in animal cells (for review see Goldman et al. 2002) , there must be structural analogues to the mammalian lamina in plant cells. In fact, a perinuclear cage has been reported (Wang and Nick 1998) , and is specifically visualized by the Lifeact-psRFP marker (Durst et al. 2014) . Whereas during protoplast preparation, the G 2 nucleus loses its central position and shifts to the periphery, it remains tethered in the cell center when the protoplasts are prepared from the Lifeact-psRFP line, indicative of a more stable perinuclear basket. Therefore, the perinuclear actin basket behaves as functional homologue of the nuclear lamina, but also seems to be involved in the migration of the nucleus.
Class XIV kinesins with a calponin homology domain (KCH) have been identified as important factors of premitotic nuclear positioning (Frey et al. 2010; Klotz and Nick 2012) . In functional analogy to dyneins that convey this function in animal and fungal cells (reviewed in Morris 2001 Morris , 2003 , KCH crosslink actin filaments with microtubules.
The mechanically rigid microtubules can confer compression forces and would, together with the flexible actin filaments that can confer traction forces, establish a tensegral system able to sense and integrate mechanic forces between cell periphery and nucleus (reviewed in Nick 2011). As mentioned before KCH can either occur in a free, mobile state (not linked with actin) or in a static situation cross-linked to actin (Klotz and Nick, 2012) . Both the nuclear migration at the onset of protoplast regeneration (see Figure 5 ), as well as premitotic nuclear positioning in walled cells (Frey et al. 2010 ) were clearly delayed.
Not only extranuclear, but also intranuclear factors were relevant for nuclear positioning.
Indeed, we observed that overexpression of a histone caused a delay of nuclear movement. This functional change is accompanied by a clear change of nuclear architecture resulting in distorted nuclear shape during early regeneration (see Figure 5 ). (Ahmad and Henikoff 2002; Smith et al. 2002; Talbert et al. 2002) . As the DNA wraps around the highly conserved core histones forming the nucleosomes, it is to be expected that the overexpression of the H2B-mEos marker, as affecting one of the four core histones, should affect DNA packaging and therefore cause change intranuclear architecture and flexibility. The resulting higher "viscosity" should then reduce the velocity of the nucleus ( Figure 6C ).
Polarization depends on perinuclear actin, KCH, and chromatin structure
While the effects of perinuclear actin, KCH, and chromatin structure on nuclear movement can be understood in terms of activities around (actin, KCH) or inside (chromatin) the nucleus, the effect of these factors on polarization and axis formation has to be located at the plasma membrane. Our results show that manipulation of factors which are involved in the nuclear movement also result in different regeneration patterns.
We demonstrated that overexpression of the perinuclear actin marker Lifeact-psRFP promotes axis formation, but perturbs axis manifestation (see Figure 2 ). This is surprising at first sight: Why should alterations of actin at the nuclear envelope affect actin-related processes occurring underneath the plasma membrane? This retrograde signaling from the perinuclear actin towards the plasma membrane is less surprising in the conceptual framework of a tensegral cytoskeleton. The overexpression of the Lifeact actin marker presumably causes a stabilization of the perinuclear cage or makes it more resistance against reorganization of actin filaments because of additional crosslinks, which through the radial actin cables should alter traction forces acting on the anchoring sites at the plasma membrane. This may underlie the promoted induction of asymmetry observed in the Lifeact-psRFP line. However, to translate this polarity into a new cell axis, actin dynamics is required (Zaban et al. 2013 ). Thus, reorganization of actin filaments is prerequisite for manifestation of the reformed axis. The Lifeact-psRFP shows a high amount of premature cell division of cells in an oval stage, i.e. in cells, where axis formation initiated, but axis manifestation had not yet been completed ( Figure 6B ). This aborted axis manifestation is responsible for the relatively high incidence of tripolar structures. These tripolar structures derive from perturbations of simple polarities, when a second, competing pole is laid down ectopically. In contrast to a complex polarity, where both poles along an axis are defined by specific molecules or activities, the polarity of plant cells is often simple, i.e. only one pole is explicitly defined, whereas the opposing pole is simply characterized by the absence of the polarizing molecules or activities (Nick and Furuya 1992) .
Axis formation and elongation also requires a close interplay of both actin filaments and microtubules. While KCH overexpression delays nuclear migration, cell elongation is stimulated ( Figure 6D ). Promoted cell elongation at simultaneously retarded nuclear migration has also been found for walled cells overexpressing KCH (Frey et al. 2010 ).
The retarded nuclear migration is probably caused by elevated cross-linking of microtubules with the perinuclear actin basket (Klotz and Nick 2012) , whereas the stimulated cell elongation is linked with a second subpopulation of KCH kinesins associated with cortical microtubules and uncoupled from actin (Klotz and Nick 2012; Kühn et al. 2013) , which preferentially binds to tyrosinated (dynamic) microtubules . Although the effect of KCH overexpression resembles that of the Lifeact-psRFP marker with respect to the retarded nuclear movement, the two overexpression lines clearly differ with respect to axis manifestation (promoted for the KCH line, impaired for the Lifeact-psRFP line), and the incidence of tripolar cells (observed only in the Lifeact-psRFP, but not in the KCH lines).
Since KCH binds to microtubules, the principal role of microtubules in polarity and axis formation should be discussed as well at this point. To control cell axis, cortical microtubules must be ordered into parallel arrays, accompanied by cell elongation in a direction perpendicular to microtubule orientation and a progressive alignment of cellulose texture with microtubules. In expanding cylinders, mechanic tension is anisotropic (with transverse doubled over longitudinal tension), such that cylindrical plant cells are expected to widen rather than to elongate (Preston 1955) . By transverse deposition of cellulose microfibrils, plant cells can override this mechanic anisotropy and reinforce elongation growth (Green 1980) . The previous publication of Zaban et al. (2013) has shown that the stabilization of microtubules via overexpression of AtTuB6 led to a faster polarity induction and axis formation. It could be shown that, due to overexpression of AtTuB6, microtubules were stabilized, and axis formation was promoted, what requires more efficient alignment of microtubule arrays. A similar promotion of microtubule alignment after treatment had been reported earlier after treatment with taxol (Kuss-Wymer and Cyr 1992). Thus, alignment of cortical microtubules can proceed efficiently with stable microtubules, indicative of a mechanism that is based on mutual sliding. Also for auxin-dependent microtubule reorientation, initial direction dependent disassembly and reassembly is followed by a second phase, where microtubules coalign and harbour mainly detyrosinated -tubulin, a marker for microtubule stability (Wiesler et al. 2002) . To address the role of microtubule dynamics in our system, we induced destabilization of microtubules via Oryzalin treatment, which eliminates microtubules due to their turnover, which was followed by a delay in polarity induction and axis formation. Furthermore, we could show that Oryzalin treated protoplasts were not able to elongate (see Figure S4 ). Thus, microtubules and microtubule dynamic are necessary for axis formation.
Axial cell expansion is delayed in H2B-mEos (see Figure 4) , which means that nuclear architecture conveys a signal to axis elongation. Notably, also walled cells of H2B-mEos are significantly shorter compared to the non-transformed cell line (data not shown). It is conceivable that the signal from the interior of the nucleus acts on cytoskeletal targets at the periphery Also for animal cells a functional relationship between lamins and histones has been reported (Taniura et al. 1995) . Since the plant nucleus harbors deep grooves, invaginations and even perforations that are maintained by actin (Collings et al. 2000) , changes of intranuclear architecture are expected to alter the organization of the cytoskeleton.
Overexpression of both, the perinuclear actin marker Lifeact-psRFP, as well as the kinesin GFP-NtKCH promoted the re-establishment of the cell wall. Thus, although the nuclear positioning itself seems to be dispensable for polarity induction, factors, which influence nuclear migration might also influence polarity formation. Our model assumes that retrograde signals are required for polarity induction, which are transducted (transported) through the cytoskeleton to the periphery of the cell and act on cytoskeletal targets at the plasma membrane. Interestingly, also the overexpression of the histone marker H2B-mEos leads to faster formation of the cell wall, indicating that intranuclear architecture modulates the retrograde signaling from the nucleus to the plasma membrane. The nature of this retrograde signal remains to be elucidated. It might be a molecule transported along the cytoskeleton, for instance by interfenerce with vesicle flow by the actin basket which means chemical signaling. Alternatively, it might be a mechanical signal conveyed by cytoskeletal tensegrity, comparable to recent findings in animal cells, where the perinuclear region was found to be affected due to mechanical stimulation at the cell periphery (Shao et al. 2015) . Future work will be dedicated to resolve this question of the two models. To strengthen the model of mechanical/tensegral signaling, cytoskeletal tensegrity can be modulated locally or inducibly and forces transmitted between perinuclear rim and cell periphery can be applied. To study chemical signaling (for instance via aggregating vesicles), the transport of the retrograde signal can be investigated further as an alternative model.
MATERIALS AND METHODS
Cell lines and cultivation
BY-2 (Nicotiana tabacum L. cv Bright Yellow-2) suspension cell lines (Nagata et al. 1992) 
Generation and regeneration of protoplasts
The protocol was adapted from Kuss- Wymer and Cyr (1992) and Zaban et al. (2013) with minor modifications. Aliquots of 4 mL were harvested under sterile conditions 3 d 
Microscopy and quantifications
To analyze temporal patterns of regeneration for different transgenic BY-2 lines (LifeactpsRFP, GFP-NtKCH and H2B-mEos) in comparison to non-transformed BY-2 cells, 15 μL of the respective protoplast suspension were carefully mounted on slides using imaging spacers made from silicone (Secure-Seal, Sigma-Aldirch, Neu-Ulm, Germany) to safeguard the protoplast from bursting. For detection, the regenerated cellulosic cell wall was stained by Calcofluor White (1 volume of 0.1% w/v) according to Maeda and Ishida (1967) and Nagata and Takebe (1970) 6 AUTHOR CONTRIBUTIONS L.B. performed the experiments and drafted the manuscript. J.M and P.N designed the experiment, supervised the study, and revised the manuscript. Figure S1 . Frequency distribution of cell division in BY-2 Lifeact-psRFP Frequency distribution of cell division two days after protoplast preparation in BY-2 Lifeact-psRFP protoplasts (grey bars) compared to non-transformed BY-2 protoplasts (white bars). Frequency distribution have been calculated from 2,000 individual cells.
SUPPORTING INFORMATION
Error bars show standard errors of the mean (SE). Asterisks represent significance of indicated differences as tested by a paired, two-side t-test (*P < 5%, **P < 1%). Asterisks represent significance of indicated differences as tested by a paired, two-side ttest (*P < 5 %, **P < 1%). Asterisks represent significance of indicated differences as tested by a paired, two-side ttest (*P < 5 %, **P < 1%). Asterisks represent significance of indicated differences as tested by a paired, two-side ttest (*P < 5 %, **P < 1%). significance of indicated differences as tested by a paired, two-side t-test (*P < 5%, **P < 1%). Asterisks represent significance of indicated differences as tested by a paired, two-side ttest (*P < 5%, **P < 1%). microtubules MTs) to targets at the plasma membrane (semi-transparent arrows). After a few hours the nucleus has reached the cell center; the protoplast has expanded circularly, followed by axis formation, axis manifestation, and further cell elongation whereby the long axis is more than twice as long as the short axis (A). Compared to the nontransformed cell line, the nucleus of the Lifeact-psRFP cell line (red basket) is already located at the cell center from the onset of polarity induction; axis formation is promoted, followed by division of protoplasts at oval stages, resulting in an increase of tripolar structures (B).The nucleus of the H2B-mEos cell line shows an abnormal nuclear architecture (grey patterned nucleus) and therefore its shape might slow down the movement, whereby axis formation already started until the nuclear shape is normal again and eventually is located at the cell center; the long cell axis is more than twice as long as the short axis, however, the cells are shorter than the non-transformed cells (C).
Compared to the non-transformed cell line, axis formation in the GFP-NtKCH cell line is faster, nuclear migration is slowed down at the early phases (D). 
